Introduction
============

Metastasis and drug resistance are the major causes of chemotherapeutic failure and death in lung adenocarcinoma patients. After five years, chemotherapy decreased lung cancer patient death by only 4% when compared to an untreated control group [@B1]. Thus, identifying new biomarkers that predict lung cancer metastasis and chemoresistance would improve the outcome in lung adenocarcinoma patients.

HOXB13, mainly expressed in the tail bud during human embryonic development [@B2], is known to be a prostate-lineage-specific transcription factor, with key roles in prostate cancer progression. It downregulates intracellular zinc and increases NF-κB signaling to promote prostate cancer metastasis, and regulates the cellular response to androgens [@B3], [@B4]. HOXB13 was found to be localized with FOXA1 at reprogrammed AR sites in human tumor tissues and was also shown to reprogram the AR cistrome in an immortalized prostate cell line that resembles prostate tumors [@B5]. A decisive role for HOXB13 was also reported in susceptibility to prostate cancer [@B6]. The protein functionally promotes CIP2A transcription by binding to the *CIP2A* gene, and the presence of both the *HOXB13* T and *CIP2A* T alleles confers a high risk of PrCa and aggressiveness of the disease [@B7].

HOXB13 was shown to function as a tumor suppressor in colorectal and renal cancers [@B8] but was oncogenic with high expression in breast [@B9], hepatocellular [@B10], ovarian, and bladder carcinomas [@B11]. However, the role of HOXB13 in lung cancer is still unknown.

Recently, the ATP-binding cassette transporter G1 (ABCG1) was implicated as a potential oncogene in lung cancer. ABCG1 is a member of the ABC transporter family that regulates cellular cholesterol transport and homeostasis [@B12]-[@B17], and has also been shown to promote proliferation, migration, and invasion in HKULC4 lung cancer cells [@B18]. Furthermore, genetic variants of ABCG1 were linked to the survival of non-small cell lung cancer (NSCLC) patients [@B19]. These finding suggested that ABCG1 may play a role in NSCLC progression. However, ABCG1 was not shown to be involved in chemoresistance in these patients.

EZH2, a component of the Polycomb repressive complex 2 (PRC2), is a histone methyltransferase that trimethylates histone 3 at lysine 27. EZH2 promotes tumor progression by increasing DNA methylation and inactivating tumor suppressor genes [@B20], [@B21]. It is well established that EZH2 promotes cell proliferation by enhancing cell cycle progression [@B22] and promotes migration and metastasis by activating VEGF/Akt signaling in NSCLC cells [@B23]. Recently, enhanced EZH2 was detected in lung cancer cells that were resistant to cisplatin, the first-line treatment regimen for advanced NSCLC [@B24]. EZH2 also confers drug resistance in docetaxel-resistant lung adenocarcinoma cells [@B25]. Low expression of EZH2 is associated with better responses to chemotherapy and improved survival rates [@B26].

In this study, we described the relationship between HOXB13 and the clinical stage, invasion, metastasis, drug resistance, and patient prognosis in lung adenocarcinoma. A series of genes targeted by HOXB13 were analyzed, including the ABCG1, EZH2, and Slug genes. Most importantly, we found that the expression of HOXB13 was induced by cisplatin therapy. These findings provide a method for evaluating HOXB13 and its target genes to predict drug resistance and patient prognosis in lung adenocarcinoma. Our study has identified an important molecular mechanism that underlies metastasis and drug resistance in NSCLC induced by chemotherapy.

Methods
=======

Ethics
------

The Ethics Committee of Peking University Health Science Center has approved the mouse experiments (Permit Number: LA2017-008) and the use of tissue from human lung adenocarcinoma patient tumors (Permit Number: ZRLW-5) for this study. The handling of mice and human tumor specimens was conducted in accordance with the ethical standards of the Helsinki Declaration of 1975 and the revised version in 1983. We also referred to the procedures by Workman et al. [@B27].

Patient tumor samples
---------------------

To study the role of HOXB13 in NSCLC, we obtained samples from 73 lung adenocarcinoma patients and 75 squamous cell lung cancer patients who had not been treated with neoadjuvant or adjuvant therapies before surgery and had undergone surgery at Peking University Health Science Center between July 2006 and September 2007. The \"normal lung tissue samples" (n = 148) were obtained from the same patients and were at least 3 cm away from the tumor tissue. The detailed clinicopathological characteristics of lung adenocarcinoma patients are summarized in Table [1](#T1){ref-type="table"}. Survival was measured for patients from the time of surgery, with death as the endpoint. Overall survival was analyzed until August 2013. The median observation time for overall survival was 40 months (range, 2-89 months). At the follow-up, 24 patients had died, 32 patients were still alive and censored, and the statuses of the remaining patients were unknown.

Lung adenocarcinoma tumor tissue samples were also obtained from 15 patients of the Cancer Hospital Chinese Academy of Medical Sciences between July 2004 and April 2006. The samples were taken by needle biopsy before chemotherapy. These 15 patients were then accepted for cisplatin and paclitaxel combination treatment. Recurrence for the patients was measured from the time of chemotherapy, and the recurrence and/or metastasis occurring within 6 months was considered a sign of drug resistance. Among these patients, 9 exhibited drug resistance and 6 exhibited chemotherapy drug sensitivity.

Immunohistochemistry (IHC) and assessment
-----------------------------------------

Tissue sections from lung adenocarcinoma tumors were formalin-fixed and paraffin-embedded. IHC and assessments were performed as previously described [@B28]. Briefly, deparaffinization and hydration were performed followed by abolishing endogenous peroxidase activity using 0.3% hydrogen peroxide for 30 min, and then microwaved for antigen retrieval in 10 mM sodium citrate buffer (pH 6.0) for 20 min. HOXB13 antibody (Santa Cruz, SC-28333, USA) and EZH2 antibody (Cell Signaling Technology, 30233s, USA) were used at 2 µg/ml in all experiments, and incubated at 4 °C overnight followed by the PV-9000 2-step plus Poly-HRP anti-Mouse/Rabbit IgG Detection system (Zhong Shan Jin Qiao, China). The streptavidin-biotin-peroxidase complex method was used for detection with 3\'3\'-diaminobenzidine tetrahydrochloride as the substrate (D0430, Amresco, USA). Counterstaining was performed using hematoxylin. Negative controls were prepared by replacing the primary antibody with normal rabbit serum.

Pathologists Huiying He and Peng Wang evaluated all immunostainings independently; the discussions leading to consensus and justification of the decisions were recorded. The results were classified into four grades: no reactivity marked as 0, faint reactivity as 1+, moderate reactivity as 2+, and strong reactivity as 3+, with 0 representing no expression. Student *t-*test analyses were performed to compare the HOXB13 level between different lung adenocarcinoma clinical pathological groups.

Expression vectors, cell culture, and gene transfections
--------------------------------------------------------

The full-length cDNA of HOXB13 was cloned from human placenta cDNA library using primers ATGGAGCCCGGCAATTATGCCACC (forward primer) and TTAAGGGGTAGCGCTGTTCTT (reverse primer). The PCR product was cloned into the PCRII vector, and then further cloned into the pCMV10-3×Flag vector (Sigma) using EcoRI-XhoI sites. The H1299, A549, and A549DDP cell lines were purchased from the Research Facilities of Peking Union Medical College Hospital (<http://www.crcpumc.com/>). All cell lines were tested and authenticated by short tandem repeat profiling (DNA fingerprinting) [@B29] within 6 months of the study and routinely tested for Mycoplasma species before any experiments were performed. Details are provided in the Supplementary Methods.

Western blot analysis
---------------------

Whole cell lysates were prepared, and the equivalent amounts of protein were detected using the appropriate primary antibodies. Details are provided in the Supplementary Methods.

Cell motility and cell invasion assays
--------------------------------------

Transwell chambers (Costar) with 8 µm pore size were used to perform the cell migration assay. H1299 and A549 cells stably transfected with Flag-BAP (bacterial alkaline phosphatase, Flag-HOXB13, or HOXB13 siRNA were seeded on the upper surface of the Transwell. After 6 h incubation in migration buffer (RPMI1640, 2 mM CaCl~2~, 1 mM MgCl~2~, 0.2 mM MnCl~2~, and 0.5% BSA) at 37 °C in humidified 5% CO~2~, the Transwell membranes were fixed with 4% formaldehyde for 15 min and stained with crystal violet for 10 min. Six microscopic fields were then randomly chosen for counting the migrated cells. The invasion assay was performed by adding Matrigel to the upper surface of the Transwell membrane before adding cells followed by 12 h incubation. Sequences of RNA interference (RNAi) oligonucleotides used for knockdown of endogenous proteins are presented in the Supplementary Methods.

*In vivo* xenograft tumor growth and metastasis experiments
-----------------------------------------------------------

In Balb/c nude mice, 1×10^6^ cells, with stable and separate overexpression of HOXB13 and the control vector, were implanted subcutaneously into the flank. The size of the tumors was measured every 3 days and at additional times as indicated. Tumors were sectioned, removed, and weighted at day 28 when they were approximately 1 cm in diameter and the mice were kept alive until they were euthanized at day 56. At that time, *in situ* recurrences and metastasis were measured.

Quantitative polymerase chain reaction (qPCR)
---------------------------------------------

Trizol was used to isolate total cellular mRNAs and M-MLV reverse transcriptase was used to transcribe 2 µg of total RNA (Promega, CA, USA), which was then examined by PCR. The details are provided in the Supplementary Methods.

ChIP assay
----------

To test the direct targeting role of HOXB13 on the candidate genes, ChIP assays were performed as described in the Supplementary Methods.

Luciferase assay
----------------

The EZH2 promoter plasmid was a generous gift from Professor Gerhard Christofori. Genomic DNA was extracted from 293T cells. The genomic DNA and the EZH2 promoter plasmid were used as templates to clone the *ABCG1*, *EZH2,* and *HOXB13* promoters. The promoters were then cloned into the pGL4.21 luciferase vector (Promega). The design of the corresponding primer is described in the Supplementary Methods.

H1299 cells were seeded in 24-well plates 1 day before transfection. The cells were co-transfected with 200 ng of the pGL promoter plasmid, 5 ng of the Renilla plasmid and 200 ng of either the Flag plasmid, Flag-HOXB13 plasmid, or siRNA using either the Lipofectamine 2000 (Invitrogen) or Lipofectamine RNAiMAX (Invitrogen) reagent according to the manufacturer\'s instructions. Cells were harvested 48 h or 72 h after transfection. The reporter activity was measured using a Dual-Luciferase Reporter Assay System (Promega) with a GloMax 20/20 Luminometer.

Drug resistance test *in vivo*
------------------------------

Male Balb/c nude mice were randomly divided into four groups (n = 6 per group). In two groups, 2 × 10^6^ cells stably overexpressing Flag-HOXB13 were subcutaneously injected into the flanks of the mice and cells overexpressing the control Flag vector were implanted in the other two groups. Drugs were administered to the mice on the 28th day of tumor growth. One Flag control group and one Flag-HOXB13 group were intraperitoneally injected with cisplatin (5 mg/kg) or paclitaxel (15 mg/kg) three times a week. PBS was used as a control for the remaining two groups. Tumors were measured every 3 days for the indicated time. Tumor volumes were determined using the following formula: tumor volume = a2 \* b/2, where a = short diameter (cm) and b = long diameter (cm). The tumors were sectioned after the mice were sacrificed.

PDX model and cisplatin resistance assay
----------------------------------------

Human lung adenocarcinoma specimens for the (patient-derived xenograft) PDX model were kind gifts from Dr. Wei Guo of Tsinghua University. Subcutaneous xenograft tumors of about 400 mm^3^ were treated intraperitoneally with 3 mg/kg cisplatin every other day [@B30]. After 10 days of treatment, tumors were fixed with 4% formalin, paraffin-embedded, and sectioned.

Statistical analysis
--------------------

Student *t-*test, Chi-square, Fisher\'s exact test, and Spearman\'s correlation coefficient were used to analyze the correlation between HOXB13 expression and clinical pathology of patients with lung adenocarcinoma. All statistical analyses were performed using SPSS14.0. Survival analysis was performed using Kaplan-Meier analysis and curves were compared using the log-rank test. The K-M plot survival analysis tool used in this study was accessed online at <http://kmplot.com/analysis/>. Results with p \< 0.05 were considered statistically significant.

Results
=======

HOXB13 is involved in lung adenocarcinoma but not in SCC progression
--------------------------------------------------------------------

HOXB13 has been implicated in the progression of prostate cancers [@B31]. However, no report has yet linked HOXB13 with lung cancer progression. We first examined the expression of HOXB13 in tumor samples from lung cancer patients using IHC analysis. Normal lung tissues expressed very little or no HOXB13, but its expression was significantly increased in lung adenocarcinomas (Figure [1](#F1){ref-type="fig"}A) and squamous cell carcinomas (SCC) (Figure. S1A and B). Semi-quantitative analysis of HOXB13 expression showed a positive correlation with the T grade, N grade, AJCC grade (Figure [1](#F1){ref-type="fig"}B; Table [1](#T1){ref-type="table"}) and survival (Figure [1](#F1){ref-type="fig"}C) in lung adenocarcinoma patients but not in SCC patients (Figure [S1](#SM0){ref-type="supplementary-material"}B). Intriguingly, we found that HOXB13 was highly expressed in lung adenocarcinoma patients who were resistant to cisplatin or paclitaxel therapy (Figure [1](#F1){ref-type="fig"}D). Furthermore, the Oncomine lung cancer and Beer Lung datasets also showed that *HOXB13* gene expression was increased in lung adenocarcinoma tumor tissues compared with normal lung tissues (Figure [1](#F1){ref-type="fig"}E) and predicted poor patient survival (Figure [1](#F1){ref-type="fig"}F) [@B32]. Also, the K-M plot analysis showed a correlation between increased *HOXB13* expression and a poor patient outcome in lung adenocarcinoma but not in SCC (Figure [1](#F1){ref-type="fig"}G). Results from GSE14814 and GSE17710 datasets also supported a strong correlation between elevated levels of HOXB13 and clinical outcomes in patients with lung cancer (Figure [S1](#SM0){ref-type="supplementary-material"}C). These findings indicated that HOXB13 is overexpressed in lung adenocarcinoma and may regulate its progression.

HOXB13 promotes lung adenocarcinoma cell migration, invasion, growth and confers chemoresistance both *in vitro* and *in vivo*
------------------------------------------------------------------------------------------------------------------------------

Given that HOXB13 is highly expressed in patients resistant to chemotherapy, we next investigated the role of HOXB13 in drug resistance of lung adenocarcinoma cells. In a gain-of-function experiment, the overexpression of HOXB13 promoted cell migration and invasion. In contrast, a loss-of-function experiment performed by knocking down the endogenous expression of HOXB13 in lung adenocarcinoma cells using small interference RNAs (siRNAs) showed inhibition of cell migration and invasion (Figure [2](#F2){ref-type="fig"}A and S2A and B). Furthermore, the effect of HOXB13 on lung adenocarcinoma cell growth was examined by plate colony formation and WST-1 cell proliferation assays in both H1299 and A549 cells (Figure [S2](#SM0){ref-type="supplementary-material"}C). The results showed that HOXB13 promotes lung adenocarcinoma cell growth.

We then examined the *in vivo* role of HOXB13. To this end, H1299 cells stably overexpressing Flag-HOXB13 or A549 cells stably overexpressing GFP-HOXB13 were inoculated into nude mice as previously described [@B33]. Tumor xenografts grew faster and larger (Fig. [2](#F2){ref-type="fig"}B; Fig. [S2](#SM0){ref-type="supplementary-material"}D) in the groups that were overexpressing HOXB13 compared to the control groups. Tumors with high HOXB13 expression displayed greater potential for local invasion (increasing from 0/6 to 2/6) (Figure [2](#F2){ref-type="fig"}C), and liver metastasis (increasing from 2/6 to 6/6) (Figure [2](#F2){ref-type="fig"}D). Furthermore, A549 cells stably transfected with HOXB13 showed an increase in the expression of the cell proliferation marker Ki67 (Figure [S2](#SM0){ref-type="supplementary-material"}E) and exhibited poor survival rates in mice (Figure [S2](#SM0){ref-type="supplementary-material"}F). Thus, we concluded that HOXB13 promotes lung adenocarcinoma cell growth, local invasion, and metastasis to the liver in nude mice.

As HOXB13 is highly expressed in patients who are resistant to chemotherapy, we next investigated the role of HOXB13 in drug resistance of lung adenocarcinoma cells. To this end, H1299 and A549 cells were examined for their sensitivity to cisplatin and paclitaxel, which are front line chemotherapeutic drugs for a variety of cancers. H1299 cells stably overexpressing Flag-HOXB13 exhibited resistance to cisplatin at a higher half-maximal inhibitory concentration (IC50 = 102.7 µM) than the control cells (IC50 = 40.57 µM) and resistance to paclitaxel with the IC50 increasing from 0.08 µM to 0.2668 µM. Similar results were obtained in A549 cells with the IC50 increasing from 12.7 µM to 40.47 µM (Figure [2](#F2){ref-type="fig"}E). The dose and time curves by WST-1 assay are shown in Figure [S3](#SM0){ref-type="supplementary-material"}A.

Lung adenocarcinoma resistance to chemotherapy was also found in xenograft tumors. Cisplatin and paclitaxel inhibited the growth of H1299 cells *in vivo*, whereas HOXB13-overexpressing H1299 cells were resistant to cisplatin and paclitaxel treatments (Figure [2](#F2){ref-type="fig"}F). These findings indicated that HOXB13 confers chemoresistance to lung adenocarcinoma cells *in vitro* and *in vivo*.

HOXB13 induces chemoresistance by upregulation of ABCG1 via direct binding to its promoter
------------------------------------------------------------------------------------------

ABCG1 has been linked to non-small cell lung cancer survival [@B19]. Therefore, we examined whether ABCG1 was regulated by HOXB13 and involved in chemoresistance in lung adenocarcinoma cells. Using ChIP-seq analysis, we examined the binding of HOXB13 to the *ABCG1* promoter and its effect on ABCG1 expression (Figure [3](#F3){ref-type="fig"}A). The presence of HOXB13 was confirmed using an anti-HOXB13 antibody; *ORM1* and*NKX3.1* were used as positive controls (Figure [S3](#SM0){ref-type="supplementary-material"}B) and actin as a negative control (Figure [3](#F3){ref-type="fig"}B). The results showed that HOXB13 was specifically enriched on the *ABCG1* promoter. To assess whether HOXB13 can transcriptionally activate *ABCG1* gene expression, a series of *ABCG1* promoter regions were amplified by PCR and fused with the pGL4.21 luciferase reporter vector. Co-transfection experiments showed that HOXB13 significantly increased the activity of the *ABCG1* promoter-luciferase reporter and that constructs of different promoter regions induced reporter activation compared with the empty vector (Figure [3](#F3){ref-type="fig"}C) indicating 0∼-265 region from TSS to be the specific binding site of *ABCG1* promoter for HOXB13. Furthermore, in lung adenocarcinoma cells, HOXB13 expression correlated with the upregulation of ABCG1 at both mRNA and protein levels (Figure [3](#F3){ref-type="fig"}D). These findings indicated HOXB13 directly binds to the *ABCG1* promoter and upregulates its expression in lung adenocarcinoma cells.

When ABCG1 was depleted in HOXB13-overexpressing H1299 cells using ABCG1 siRNAs, the cell viability significantly decreased in the presence of cisplatin (p \< 0.05) (Figure [3](#F3){ref-type="fig"}E and Figure [S3](#SM0){ref-type="supplementary-material"}C). These results indicated that the HOXB13-ABCG1 axis regulated chemoresistance in lung adenocarcinoma cells. Also, K-M plot survival analysis showed that the increased *ABCG1* mRNA predicted poor survival in lung adenocarcinoma patients but not in SCC patients (Figure [S4](#SM0){ref-type="supplementary-material"}A). These findings indicated that ABCG1 mediates chemoresistance of lung adenocarcinoma cells to cisplatin.

HOXB13 upregulates EZH2 expression via direct binding to the *EZH2* promoter
----------------------------------------------------------------------------

EZH2, a key epigenetic regulator that catalyzes the trimethylation of H3K27, is frequently overexpressed in cancer patients and correlates with poor patient prognosis when expressed at high levels [@B34]. EZH2 is also known to be tightly correlated with lung cancer progression [@B35] and drug resistance [@B36]. We, therefore, examined whether EZH2 was involved in HOXB13-regulated progression of lung adenocarcinoma. The results showed that the transient expression of Flag-HOXB13 or GFP-HOXB13 increased the expression of EZH2 and *EZH2* gene was also transcriptionally upregulated by HOXB13 (Figure [4](#F4){ref-type="fig"}A). Furthermore, since the enrichment of HOXB13 on the *EZH2* promoter in prostate cancer was evident by ChIP-seq analysis [@B37] (Figure [4](#F4){ref-type="fig"}B), we selected various regions of the *EZH2* promoter for ChIP analysis. The results showed that three regions of the *EZH2* promoter contained the putative HOXB13-binding sequences (Figure [4](#F4){ref-type="fig"}C). The luciferase report assay further showed specific binding of HOXB13 to a region from -1000 to -1875 bp (Figure [4](#F4){ref-type="fig"}D). EZH2 was also known to promote migration and metastasis in NSCLC cells [@B23]. The migration rescue assay indicated that HOXB13-promoted lung adenocarcinoma cell migration could be inhibited by the depletion of EZH2, suggesting that EZH2 was required for the HOXB13 promotion of cell migration (Figure [S5](#SM0){ref-type="supplementary-material"}).

To assess the relationship between EZH2 and lung adenocarcinoma progression, we examined *EZH2* gene expression levels and lung adenocarcinoma patient outcomes. As per K-M plot survival analysis, the level of *EZH2* expression predicted poor outcome in lung adenocarcinoma patients, but not in SCC patients (Figure [S4](#SM0){ref-type="supplementary-material"}B). Further, in a proof-of-concept experiment, we compared HOXB13 and EZH2 levels between nine patients who were resistant to cisplatin and paclitaxel therapies and those who were sensitive to the two drugs. The drug-resistant group exhibited significantly higher levels of both HOXB13 and EZH2 compared with the drug-sensitive group (Figure [4](#F4){ref-type="fig"}E and F). Taken together, these findings indicated that EZH2 is a direct target of HOXB13 and mediates HOXB13-induced drug resistance in lung adenocarcinomas. Thus, HOXB13 and its target gene products may be used to evaluate the effectiveness of chemotherapy and predict drug resistance in lung adenocarcinoma patients.

HOXB13 expression is induced by cisplatin therapy
-------------------------------------------------

In this study, 17.81% of the lung adenocarcinoma patients, who had not experienced chemotherapy, expressed high levels of HOXB13 (Table [1](#T1){ref-type="table"}) which may explain the inherent resistance to chemotherapy observed in some patients. For the patients exhibiting secondary resistance, we determined that cisplatin could induce HOXB13 expression in lung adenocarcinoma. The observations that support the cisplatin-induced expression of HOXB13 include, increased expression of HOXB13 and its target gene products ABCG1 and EZH2 in the established cisplatin-resistant cell lines (A549 and DDP) in a time-dependent manner (Figure [5](#F5){ref-type="fig"}A, B and C). Also, an *ex vivo* PDX model experiment showed that drug-resistant PDX samples displayed an intrinsic increase in HOXB13 and EZH2 levels that could not be further induced by cisplatin therapy (Figure [5](#F5){ref-type="fig"}D). In contrast, HOXB13 and EZH2 levels in drug-sensitive PDX samples could be induced by cisplatin therapy (Figure [5](#F5){ref-type="fig"}D). These findings strongly supported the notion that drug resistance is induced in PDX by enhanced levels of the HOXB13-EZH2 axis after cisplatin therapy. We have therefore proposed a cisplatin-HOXB13-ABCG1/EZH2 network that mediates chemotherapy-induced secondary drug resistance in lung adenocarcinomas.

HOXB13 induces lung cancer cell migration by upregulation of Slug via direct binding to the *Slug* gene promoter
----------------------------------------------------------------------------------------------------------------

As an important EMT regulator, Slug has been known to regulate lung cancer migration, invasion, and resistance to targeted therapy [@B38]. It was recently reported that HOXB13 induced Slug expression by regulating the *Slug* promoter activity in ovarian cancer [@B39]. It was of interest to investigate whether HOXB13 also regulated *Slug* in lung cancer cells. The results from Western blot analysis showed that the Slug protein level was elevated upon transient expression of Flag-HOXB13 or GFP-HOXB13 (Figure [6](#F6){ref-type="fig"}A), suggesting that HOXB13 was able to upregulate Slug expression in lung adenocarcinoma cells. We performed a ChIP assay to examine whether HOXB13 could directly bind to the Slug promoter. As shown in Figure [6](#F6){ref-type="fig"}B, HOXB13 bound specifically to a region extending from -2000 to -3000 bp (Figure [6](#F6){ref-type="fig"}B). It was also of interest to know whether Slug mediated HOXB13-regulated cellular functions. We, therefore, transiently co-expressed Flag-HOXB13 and Slug siRNA in H1299 cells. Figure [6](#F6){ref-type="fig"}C shows that the Flag-HOXB13-promoted lung adenocarcinoma cell migration could be inhibited by depletion of Slug, suggesting that Slug is required for the HOXB13 effect on cell migration.

HOXB13 directly targets its own gene promoter and forms a positive feedback regulatory loop
-------------------------------------------------------------------------------------------

Interestingly, we observed that when exogenous HOXB13 was transfected into lung cancer cells, the endogenous HOXB13 was induced to high levels in both H1299 and A549 cells (Figure [S6](#SM0){ref-type="supplementary-material"}A). These findings suggested the self-upregulation ability of HOXB13. To identify the HOXB13 binding sites within its own promoter, primers for ChIP analysis were designed. Specific enrichment for binding to the HOXB13 promoter was detected in site 1 (Figure [S6](#SM0){ref-type="supplementary-material"}B). Furthermore, a genome-wide ChIP-seq analysis also confirmed the existence of several HOXB13 binding sites on the HOXB13 gene promoter, which were located at -500∼0 bp from the TSS (Figure [S6](#SM0){ref-type="supplementary-material"}C). A luciferase reporter assay further determined that HOXB13 specifically bound to a region - 200 to - 600 bp from the TSS of *HOXB13* gene promoter (Figure [S6](#SM0){ref-type="supplementary-material"}D). These findings indicated that HOXB13 is regulated through a positive feedback loop by binding to its own promoter.

We also observed that the HOXB13 overexpression in xenografted tumors correlated with the increased expression of the HOXB13 target proteins (Figure [S6](#SM0){ref-type="supplementary-material"}E). These data suggested that HOXB13 could self-upregulate *in vivo* as well as other targeted genes important for tumor progression and/or drug resistance. Taken together, HOXB13 may form a positive feedback regulatory loop by binding to its own gene promoter important for continuous cancer progression.

HOXB13 in combination with ABCG1 and EZH2 improves prediction of lung adenocarcinoma patients\' outcome
-------------------------------------------------------------------------------------------------------

We hypothesized that a combination of HOXB13 target genes might predict patients\' response to chemotherapy. To test this hypothesis, different combinations of *HOXB13* with its target genes were used to predict lung adenocarcinoma survival in 719 patients. As is evident from Figure [7](#F7){ref-type="fig"}A, the combined expression of *HOXB13*, *EZH2*, and *ABCG1* was the best prognosticator in lung adenocarcinoma patients (Figure [7](#F7){ref-type="fig"}A).

Taken together, our findings revealed a novel mechanism underlying HOXB13-mediated drug resistance after chemotherapy in lung adenocarcinomas. Furthermore, HOXB13 increased lung adenocarcinoma invasion and metastasis after chemotherapy by regulating a panel of downstream targets (Figure [7](#F7){ref-type="fig"}B). Thus, targeting HOXB13 may represent a new strategy to overcome lung adenocarcinoma chemoresistance to platinum-based therapy.

Discussion
==========

Platinum-based chemotherapy was shown to be effective for treating advanced NSCLC. However, in many patients, this initial response to cisplatin soon disappears and chemoresistance emerges, resulting in patient death and the poor 5-year survival rates [@B40]. Resistance to cisplatin has become a major clinical challenge in the treatment of NSCLC. Cisplatin resistance is a complex phenomenon and uncovering the molecular mechanisms involved in inherent and acquired resistance is important to overcome drug resistance.

In this study, we found a panel of HOXB13 target genes that underlie the molecular mechanism of HOXB13-mediated metastasis and drug resistance in lung adenocarcinoma. Among them, ABCG1, a gene involved in cholesterol homeostasis, was found to confer chemoresistance upon lung adenocarcinoma cells. We demonstrated that the depletion of ABCG1 markedly decreased HOXB13-induced resistance to cisplatin, indicating that ABCG1 is required for HOXB13-induced drug resistance in lung adenocarcinoma. Therefore, targeting ABCG1 may increase the efficacy of cisplatin treatment in lung adenocarcinomas.

Mechanistically, we found that HOXB13 directly targets the *EZH2* promoter, upregulating EZH2 expression in lung adenocarcinoma, and consequently drives chemoresistance and promotes metastasis. In lung, breast, and prostate cancers, EZH2 is a marker of poor prognosis with expression increasing at the most advanced stages [@B41]-[@B43]. Targeting EZH2 has been widely known to be an antitumor strategy [@B44]-[@B47]. Upon treatment with cisplatin, the levels of HOXB13 and EZH2 were upregulated in drug-sensitive PDX samples, supporting our notion that the expression of HOXB13 and EZH2 is induced by cisplatin. This is the first indication that therapeutic drugs can induce HOXB13. However, in the drug-resistant PDX samples, the levels of HOXB13 and EZH2 could not be further enhanced (Figure [5](#F5){ref-type="fig"}C). This finding may indicate that the levels of HOXB13 and EZH2 in the tumor tissues were already high and, therefore, cisplatin treatment would be ineffective.

Slug, a well-known EMT-regulating transcription factor, is overexpressed in numerous cancers [@B48]. Elevated expression of Slug is associated with (i) reduced E-cadherin expression, (ii) high histologic grade, (iii) lymph node metastasis, (iv) postoperative relapse, and (v) shorter patient survival in a variety of cancers [@B38], [@B48]-[@B50]. Slug expression is negatively regulated by thyroid transcription factor 1 (TTF-1) [@B51], [@B52] and positively regulated by Oct4/Nanog (51). Slug binds to the promoter of *15-HPG*, an enzyme responsible for the degradation of prostaglandin E2, and suppresses 15-HPG expression [@B53]. Prostaglandin E2 has been associated with increased tumor angiogenesis, metastasis, and cell cycle regulation. Slug suppresses the expression of 15-HPG resulting in an increased prostaglandin E2 level in NSCLC cells, thus promoting NSCLC progression [@B54]. Our results indicate that HOXB13 mediates the invasion and metastasis of lung adenocarcinoma by directly targeting the Slug promoter and upregulating Slug expression.

ABCG1, EZH2, and Slug have important roles in regulating the fate of cancer stem cells. It is, therefore, likely that HOXB13-upregulated EZH2 expression may confer lung cancer cells with cancer stem cell properties resulting in drug resistance of lung cancer cells and increased metastatic potential. This hypothesis warrants future investigation.

In this report, for the first time, we have demonstrated that cisplatin induces HOXB13 expression in lung adenocarcinoma. Thus, we have elucidated a model depicting the induction of platinum-based drug resistance in lung adenocarcinoma patients (Figure [7](#F7){ref-type="fig"}B). Given that HOXB13 directly targets *ABCG1* promoter and that the depletion of ABCG1 enhances lung adenocarcinoma sensitivity to cisplatin treatment, *ABCG1* may function as a chemoresistance gene in lung adenocarcinoma. Since EZH2 is known to drive acquired resistance to chemotherapy [@B36], we propose that a cisplatin-HOXB13-ABCG1/EZH2 network controls acquired chemoresistance in lung adenocarcinoma. Furthermore, HOXB13 may be of value as a potential drug target for increasing the efficacy of cisplatin treatment in lung adenocarcinoma as depicted in the model (Figure [7](#F7){ref-type="fig"}B). It has also been shown that targeting EZH2 is a common antitumor strategy [@B44]-[@B47]; combining the use of an EZH2 inhibitor with cisplatin or the depletion of ABCG1 combined with cisplatin may be important in improving cisplatin therapeutic efficacy and reducing the side effects for lung adenocarcinoma patients.

Drug resistance could occur naturally (inherent resistance) or be acquired during chemotherapy or upon cancer recurrence after successful chemotherapy (secondary resistance) [@B55]. Platinum-based doublet chemotherapy is the standard first-line treatment for metastatic NSCLC with response rates ranging only between 15-30%. In this study, 17.81% of the lung adenocarcinoma patients who had not experienced chemotherapy expressed elevated levels of HOXB13 (Table [1](#T1){ref-type="table"}), which may explain the inherent resistance observed in the patients. However, the reason for HOXB13 overexpression in these patients is still unknown. Our study also uncovered the mechanism of acquired resistance. Cisplatin induces the expression of HOXB13 and leads to drug resistance. Cisplatin is known to crosslink with DNA and induce mitotic crisis and cell death [@B56]. However, the detailed molecular mechanisms underlying cisplatin upregulation of HOXB13 level remain unknown and include various possibilities. First, DNA repair-related proteins including nucleotide excision repair (NER), homologous recombination (HR) and Fanconi anemia (FA) pathways may upregulate HOXB13 gene expression. Second, it is possible that there are cisplatin-binding elements within the promoter of the HOXB13 gene, which activate HOXB13 gene expression. And third, tumors acquire resistance to systemic treatment with platinum-based chemotherapy due to the dynamic intratumoral heterogeneity (ITH) and clonal repopulation [@B57], [@B58]. It is possible that the inherently resistant cells are enriched in the tumor tissue by cisplatin therapy.

Recently, immunotherapy with checkpoint inhibitor agents was effective in advanced NSCLC. Two immune checkpoint inhibitors targeting programmed cell death-1 (PD-1), nivolumab and pembrolizumab, were approved for second-line therapy of NSCLC. Recently, another checkpoint inhibitor that targets program death-ligand 1 (PD-L1), atezolizumab, was approved for NSCLC therapy [@B59]. Another drug, pembrolizumab also received approval for first-line NSCLC treatment in patients with high PD-L1-expressing tumors. Immunotherapy for NSCLC has recently evolved into an important treatment modality with the acceptance of PD-1 and PD-L1 inhibitors as the new standard of care for second-line treatment [@B59]. The sequential combination of definitive chemoradiotherapy followed by durvalumab maintenance in stage III NSCLC became the new therapeutic standard [@B60], while the addition of pembrolizumab to first-line chemotherapy in metastatic NSCLC significantly improved overall survival [@B61]. We believe that understanding whether the NSCLC patients are sensitive to platinum-based chemotherapy by measuring the gene expression levels of HOXB13-ABCG1/EZH2/Slug axis will help clinicians in deciding whether administration of platinum-based drugs prior to immunotherapy would be a more effective treatment modality for the lung adenocarcinoma patients.

In summary, we have identified a new network that mediates lung adenocarcinoma metastasis and cisplatin resistance. Analyzing the cisplatin- HOXB13-ABCG1/EZH2/Slug network will facilitate the evaluation of the potential therapeutic efficacy of cisplatin-based therapy and predict patient sensitivity to treatment.
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EZH2

:   Enhancer of zeste homolog 2

HOXB13

:   homeobox-containing transcriptional factor B13

ABCG1

:   ATP-binding cassette subfamily G member 1

PRC2

:   Component of the polycomb repressive complex 2

NSCLC

:   Non-small cell lung cancer

IHC

:   Immunohistochemistry

15-HPG

:   15-hydroxyprostaglandin dehydrogenase

NER

:   nucleotide excision repair

HR

:   homologous recombination

FA

:   fanconi anemia

ITH

:   intratumoral heterogeneity

PD-1

:   programmed cell death-1.

![**HOXB13 is overexpressed in high clinical grade and associated with chemoresistance and patient outcome in lung adenocarcinoma. (A)** Expression of HOXB13 in tumor tissues from lung cancer patients by IHC analysis. Upper panel left: Low level of HOXB13 expressed in the pseudo-stratified epithelium. Upper panel middle: Low HOXB13 expression in tracheal gland (black arrow) and transparent cartilage (red arrow). Upper panel right: No HOXB13 expression in normal lung tissue. Lower panel left: Low HOXB13 expression in lung adenocarcinoma. Lower panel middle: High HOXB13 expression in lung adenocarcinoma. Lower panel right: High HOXB13 expression in lymph node metastasized tumor tissue of lung adenocarcinoma. **(B)** Semi-quantitative analysis of HOXB13 levels in lung adenocarcinoma patients. Unpaired Student\'s *t-*test (\*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001) analyses were performed to compare the HOXB13 level between different lung adenocarcinoma clinical pathological groups. Increased HOXB13 positively correlated with lung adenocarcinoma patients\' progression. **(C)** Increased HOXB13 expression correlates with poor overall survival in lung adenocarcinoma patients as determined by K-M analysis (p \< 0.05, log-rank). **(D)** HOXB13 is high in cisplatin- and paclitaxel-resistant patients (n=6) compared with that in the sensitive patients (n=9) (Lower panel the second). **(E)** *HOXB13* expression is increased in lung adenocarcinoma in an Oncomine Beer Lung cancer dataset (Unpaired Student\'s *t*-test, p \< 0.0001) **(F)** Elevated mRNA expression of *HOXB13* correlates with poor overall survival in patients from the Oncomine Beer lung dataset determined by K-M plot analysis (p \< 0.05, log-rank). **(G)** High expression of *HOXB13* predicts poor outcome in lung adenocarcinoma patients by K-M plot analysis.](thnov09p2084g001){#F1}

![**HOXB13 promotes lung adenocarcinoma cell migration, invasion, and chemoresistance in vitro and in vivo. (A)** HOXB13 promoted migration and invasion in H1299 cells. Upper panel: H1299 cells were stably transfected with Flag-HOXB13 and Flag empty vector as a control. Expression of Flag-HOXB13 was confirmed by Western blot analysis using the Flag antibody. HOXB13 effect on cell migration and invasion was determined in the Transwell assay by comparing H1299 cells stably expressing HOXB13 with the Flag control. Lower panel: Western blot analysis showed that HOXB13 was knocked down by two HOXB13 siRNAs in H1299 cells. H1299 cell migration and invasion was measured in the Transwell assay after HOXB13 depletion (Unpaired Student\'s *t*-test, \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001). **(B)** HOXB13 promotes tumor formation in nude mice. 1×10^6^ H1299 cells stably expressing Flag-HOXB13 or control vector were inoculated into the flank of nude mice. At day 28, tumors were dissected and photographed. The mice were then maintained for 28 days. Tumor growth curve for Flag-HOXB13 cells and the control cells. The average of tumor weights at the endpoint. (Unpaired Student\'s *t*-test, \*p \< 0.05, \*\*p \< 0.01). **(C)** HOXB13 promotes local invasion of the tumor *in vivo*. No obvious chest invasion for the control-H1299 cells (invasion: 0/6). Chest invasion was observed for HOXB13-H1299 cells. Local invasion into the adjacent muscle was observed by histological analysis for HOXB13-H1299 cells (invasion: 2/6). **(D)** HOXB13 promotes lung adenocarcinoma cell liver metastasis. Upper panel left: Liver with no observed metastasized tumor. Upper panel middle and right: Liver with obviously metastasized tumors. Arrows: metastasized tumor foci. Lower panel left: Metastasized lung adenocarcinoma cells observed by histological analysis. Lower panel right: Enlarged area of the boxed region. This region is the boundary between the normal liver tissue (arrowed) and the metastasized lung adenocarcinoma cells (Arrowhead).**(E)** High expression of HOXB13 induced drug resistance in lung adenocarcinoma cells. Left: Drug resistance curve for enhanced expression of HOXB13 promotes A549 cell resistance to cisplatin in a WST-1 cell viability assay. Middle: Drug resistance curve for enhanced expression of HOXB13 promotes H1299 cell resistance to cisplatin. Right: Drug resistance curve for enhanced expression of HOXB13 promotes H1299 cell resistance to Paclitaxel. **(F)** HOXB13 promotes drug resistance to cisplatin and paclitaxel in nude mice. Left: Tumor growth curves of H1299 Flag and H1299 Flag-HOXB13 groups with or without cisplatin treatment. Cisplatin (5 mg/kg) was intraperitoneally injected three times a week from day 28 after cell inoculation. Right: Tumor growth curve of H1299 Flag and H1299 Flag-HOXB13 cells with or without paclitaxel therapy. Paclitaxel (15 mg/kg) was intraperitoneally injected three times a week from day 28 after cell inoculation. Green stars indicate H1299 Flag cell-derived tumor sensitivity to therapy and volume decrease at the indicated time after treatment. Treatment had no effect on the growth of tumors from H1299 Flag-HOXB13 cells (Unpaired Student\'s *t*-test,\*p \< 0.05).](thnov09p2084g002){#F2}

![**HOXB13 induces chemoresistance by targeting and upregulating ABCG1 expression in lung adenocarcinoma cells. (A)** Enrichment of HOXB13 on the ABCG1 promoter analyzed by the ChIP-seq database from prostate cancer [@B37]. **(B)** Left: Diagram of regions in the ABCG1 promoter with HOXB13 binding sites (double arrow). Gel image of ChIP analysis for HOXB13 occupancy on the ABCG1 promoter. Right: ChIP analysis was performed using either an anti-HOXB13 ChIP-grade antibody or control IgG in Flag-HOXB13 H1299 cells. Enrichment of Site 1 in the ABCG1 promoter was analyzed by qPCR with known target genes of HOXB13 (ORM1 and NKX3.1) as positive controls and actin as a negative control. **(C)** Left: Construct maps of ABCG1 promoter-luciferase reporter. Middle: Luciferase reporter activity of each construct co-transfected with vector or HOXB13, towards the identification of a 265bp upstream region critical for HOXB13-directed enhancement (Unpaired Student\'s t-test, \*\*p \< 0.01) in H1299. Right: Luciferase reporter activity of each construct cotransfected with vector or HOXB13 in A549 cells. **(D)** HOXB13 upregulates ABCG1 expression in lung adenocarcinoma cells. H1299 and A549 cells were transiently transfected by Flag-HOXB13 or GFP-HOBX13 separately and transiently transfected Flag and GFP were used as controls, respectively. Left: Quantitative PCR was performed to identify that HOXB13 upregulates ABCG1 transcriptionally. Right: Cell lysates were prepared and subjected to Western blot analyses using an anti-ABCG1 antibody to identify that HOXB13 upregulates ABCG1 expression level. **(E)** Depletion of ABCG1 enhances the drug sensitivity of lung adenocarcinoma cells. Left: Depletion of ABCG1 by siRNAs in H1299 Flag and H1299 Flag-HOXB13 cells. Middle: Quantification the bands to show the knockdown significant of ABCG1 by specific siRNA (Unpaired Student\'s t-test, \*p\<0.05, \*\*p\<0.01, \*\*\* p\<0.001). Right: Depletion of ABCG1 enhanced cisplatin sensitivity in H1299 cells with or without HOXB13 overexpression. Cells were treated with various doses of cisplatin for 48 h. The stars in different colors represent a significant difference in the corresponding curve of this color compared with the according control cells (Unpaired Student\'s t-test, \*p\<0.05, \*\* p \<0.01, \*\*\* p \< 0.001).](thnov09p2084g003){#F3}

![**HOXB13 targets to and upregulates EZH2. (A)** Upregulation of EZH2 by HOXB13 in lung adenocarcinoma cells. H1299 and A549 cells were transiently transfected by Flag-HOXB13 or GFP-HOBX13 separately, controlled by Flag or GFP. Left panel: Cell lysates were prepared and were subjected to Western blot analysis using anti-EZH2 antibody. Right panel: Transcriptional detection of HOXB13-upregulated EZH2 by qPCR. **(B)** Enrichment of HOXB13 on the EZH2 promoter analyzed by ChIP-seq database from prostate cancer [@B37]. **(C)** HOXB13 targets EZH2 in lung adenocarcinoma cells. Upper panel: Diagram of the EZH2 promoter with potential HOXB13 binding sites (double arrow). Lower panel: ChIP analysis was performed using either an anti-HOXB13 ChIP-grade antibody or control IgG in H1299 Flag-HOXB13 cells. Sites 3, 4, and 5 in EZH2 promoter are enriched in a qPCR analysis with known target genes of HOXB13 including ORM1, NKX3.1 as positive controls, and actin as a negative control. Insert is the gel picture of ChIP analysis for HOXB13 targeting on EZH2 promoter. **(D)** EZH2 promoter-luciferase reporter construct map. Lower panel: Luciferase reporter constructs were co-transfected with vector or HOXB13, towards the identification of 1062-1875bp upstream region critical for HOXB13-directed enhancement (Unpaired Student\'s *t*-test, \*\*p \< 0.01) in H1299 (left panel) and in A549 cells (right panel). **(E)** Levels of HOXB13 and EZH2 in patients\' tumor specimens were detected by immunohistochemical analyses using HOXB13 and EZH2 antibodies separately. Patients 1-3: HOXB13 and EZH2 were low in cisplatin- and paclitaxel-sensitive lung adenocarcinoma patients. Patients 4-6: HOXB13 and EZH2 were high in cisplatin- and paclitaxel-resistant lung adenocarcinoma patients. **(F)** Quantification for the levels of HOXB13 and EZH2 in cisplatin- and paclitaxel-sensitive (n=6) or resistant (n=9) lung adenocarcinoma patients (Unpaired Student\'s *t*-test, \*\* p\<0.01).](thnov09p2084g004){#F4}

![**Cisplatin induces expression of HOXB13. (A)** HOXB13 and its target genes ABCG1and EZH2 were induced in cisplatin-resistant A549 cells (A549 DDP) at the protein (Upper) and transcriptional levels (Lower) determined by Western blot or qPCR analyses. All these drug resistance genes were significantly upregulated by cisplatin induction (\*\*p\<0.01). **(B)** HOXB13, EZH2, and ABCG1 were transiently induced in the presence of 5 μM or 10 μM cisplatin treatment at indicated time points in A549 and H1299 cells, as detected by Western blot analysis. **(C)** Quantification of the bands to show that cisplatin upregulates HOXB13 and its target protein expression. (Unpaired Student\'s *t*-test, \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001) (D) HOXB13 and EZH2 levels were detected in drug-sensitive and drug-resistant PDX samples with or without cisplatin treatment by IHC. Left were detected by HOXB13 antibody and right were detected by EZH2 antibody.](thnov09p2084g005){#F5}

![**HOXB13 targets to the promoter of Slug and upregulates Slug gene expression. (A)** H1299 and A549 lung adenocarcinoma cells were transiently transfected by Flag-HOXB13 or GFP-HOXB13 separately, controlled by Flag or GFP. Cell lysates were prepared and were subjected to Western blot analyses using the anti-Slug antibody. **(B)** HOXB13 occupies Slug promoter. Potential regions of the Slug promoter with HOXB13 binding sites (double arrow). ChIP analysis was performed using either an anti-HOXB13 ChIP-grade antibody or control IgG in H1299 Flag-HOXB13 cells. Gel picture of ChIP analysis for HOXB13 occupancy on Slug promoter was given. Sites 1 to 5 are enriched on Slug promoter under HOXB13 expression determined by qPCR analysis. **(C)** Slug is required for HOXB13-promoted lung adenocarcinoma cell migration. Upper panel: H1299 cells were transfected by Flag-HOXB13 controlled by Flag vector, simultaneously cells were transfected with Slug siRNA controlled by scramble RNA. Cell migration was determined and results were analyzed from three independent experiments (Unpaired Student\'s *t*-test, \*p\<0.05, \*\*p\<0.01). Lower panel: Western blot analysis was subjected to determine the upregulation of Slug by HOXB13 overexpression and Slug knockdown by siRNA using an anti-Slug antibody.](thnov09p2084g006){#F6}

![**Combination use of HOXB13 with ABCG1 and EZH2 gives high precision in predicting lung adenocarcinoma patients\' outcome. (A)** Combination of HOXB13 with its target gene expressions to predict lung adenocarcinoma prognosis. **(B)** Working model: HOXB13 induced by cisplatin confers lung adenocarcinoma patients\' drug resistance by direct targeting to the newly identified drug resistance gene ABCG1 and also known drug resistance gene EZH2. Further, HOXB13 mediates metastasis of lung adenocarcinoma patients by direct targeting to EZH2 and Slug. Combination of HOXB13, ABCG1, EZH2 presents a better strategy to predict outcome or resistance to chemotherapy in lung adenocarcinoma patients.](thnov09p2084g007){#F7}

###### 

Relationship between HOXB13 Expression and Various Clinicopathological Factors in Lung Adenocarcinoma Patients (n=73).

                                                   Expression of HOXB13                                                    
  ------------------------------- ------- -------- ---------------------- -------- ---- -------- ---- -------- --- ------- ----------
  Characteristic                  Total            0                               1             2             3           P value
                                                   28                     38.36%   32   43.84%   12   16.44%   1   1.37%   
  Age, yrs 61(37-84)                                                                                                       0.3214
  \<=60                           34      46.58%   12                     16.44%   14   19.18%   7    9.59%    1   1.37%   
  \>60                            39      53.42%   16                     21.92%   18   24.66%   5    6.85%    0   0.00%   
  Sex                                                                                                                      0.7462
  Male                            39      53.42%   12                     16.44%   21   28.77%   5    6.85%    1   1.37%   
  Female                          34      46.58%   13                     17.81%   16   21.92%   5    6.85%    0   0.00%   
  TNM category                                                                                                             
  T1                              19      26.03%   8                      10.96%   1    1.37%    0    0.00%    0   0.00%   0.0022
  T2a                             41      56.16%   16                     21.92%   20   27.40%   5    6.85%    0   0.00%   
  T2b                             5       6.85%    2                      2.74%    1    1.37%    2    2.74%    0   0.00%   
  T3                              13      17.81%   2                      2.74%    7    9.59%    3    4.11%    1   1.37%   
  T4                              5       6.85%    0                      0.00%    3    4.11%    2    2.74%    0   0.00%   
  N0                              36      49.32%   20                     27.40%   13   17.81%   2    2.74%    0   0.00%   0.0019
  N1                              17      23.29%   5                      6.85%    8    10.96%   4    5.48%    0   0.00%   
  N2                              16      21.92%   3                      4.11%    8    10.96%   4    5.48%    1   1.37%   
  N3                              5       6.85%    0                      0.00%    3    4.11%    2    2.74%    0   0.00%   
  M0                              68      93.15%   28                     38.36%   29   39.73%   10   13.70%   1   1.37%   0.6631
  M1                              5       6.85%    0                      0.00%    3    4.11%    2    2.74%    0   0.00%   
  AJCC                                                                                                                     \<0.0001
  I                               27      36.99%   18                     24.66%   9    12.33%   0    0.00%    0   0.00%   
  II                              16      21.92%   6                      8.22%    8    10.96%   2    2.74%    0   0.00%   
  III                             25      34.25%   4                      5.48%    12   16.44%   8    10.96%   1   1.37%   
  IV                              5       6.85%    0                      0.00%    3    4.11%    2    2.74%    0   0.00%   
  Differentiation                                  5                      6.85%    9    12.33%   2    2.74%    0   0.00%   0.2507
  Low differentiation             17      23.29%   5                      6.85%    9    12.33%   3    4.11%    0   0.00%   
  Low-Moderate differentiation    19      26.03%   7                      9.59%    9    12.33%   3    4.11%    0   0.00%   
  Moderate differentiation        26      35.62%   11                     15.07%   11   15.07%   4    5.48%    0   0.00%   
  Moderate-high differentiation   7       9.59%    2                      2.74%    2    2.74%    2    2.74%    0   0.00%   
  High differentiation            4       5.48%    3                      4.11%    1    1.37%         0.00%    0   0.00%   
  Vascular invasion                                                                                                        0.8441
  Negative                        69      94.52%   26                     35.62%   31   42.47%   11   15.07%   1   1.37%   
  Positive                        4       5.48%    2                      2.74%    1    1.37%    1    1.37%    0   0.00%   
  Lymphatic                                                                                                                0.3396
  Negative                        64      87.67%   26                     35.62%   28   38.36%   11   15.07%   0   0.00%   
  Positive                        9       12.33%   2                      2.74%    4    5.48%    1    1.37%    1   1.37%   
  Alive                           32      43.84%   14                     19.18%   15   20.55%   3    4.11%    0   0.00%   
  Dead                            24      32.88%   8                      10.96%   9    12.33%   6    8.22%    1   1.37%   
  Not known                       17      23.29%   6                      8.22%    8    10.96%   3    4.11%        0.00%   
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